Introduction
Auxin is critical for multiple plant growth and developmental processes, including stem elongation, leaf formation, root development ( primary root elongation and lateral branching of roots), shoot branching, embryonic polarity establishment, vascular development, and tropic responses to light and gravity [1, 2] . Through multiple approaches, such as genetics, cell biology, and biochemistry, studies have identified some factors involved in auxin signaling and action. At least two different pathways are involved in auxin perception: direct binding at the cell surface mediated by auxin-binding protein (ABP), for example, ABP1, and regulation of downstream genes through cytosolic receptors [3, 4] .
Several steps are involved in auxin signal transduction. First, auxin enters the cell and binds to proteins or complexes in the cytosol. Then, the auxin signal is conducted through the SCF TIR1 complex that mediates ubiquitin binding to Aux/IAAs (auxin/indole-3-acetic acid transcriptional repressor proteins) and triggers proteolysis [5 -8] . This results in release of auxin-response factors (ARFs) from heterodimers of ARFs and Aux/ IAAs, bridged via domains III and IV located at the C-terminus [9] . Finally, the released ARFs bind to TGTCTC elements (auxin-responsive elements, AuxREs) of target genes to modulate their transcription and regulate additional cellular responses [10] [11] [12] . Even after the identification of transport inhibitor response1 (TIR1), an F-box-LRR protein that was first characterized as an auxin transport-related factor involved in auxin action [13, 14] and later determined to be an auxin receptor [15, 16] , little was known about how auxin enters cells.
TIR1 encodes an F-box-LRR protein and serves as a component of the SCF TIR1 complex, which specifically carries proteins targeted for proteolysis [5, 17] . The rapid association/disassociation of the TIR1 -Aux/IAA complex occurs in an auxin-dependent manner, indicating a crucial role of auxin binding in auxin signaling. Over the past 25 years, a number of soluble or membraneassociated proteins able to bind auxin with high specificity have been isolated, including b-glucosidase [18] , 1,3-b-glucanase [19] , glutathione S-transferase [20, 21] , glutathione-dependent formaldehyde dehydrogenase [22] , and indole acetaldehyde reductase [23] . Although these proteins are candidate auxin receptors and may be involved in auxin signaling, their role in auxin signaling, transport, and metabolism as well as physiologic events, in most cases, remains unclear.
ABP1, whose homologous genes and immunologically related proteins have been found in many plant species [24, 25] , is the best-characterized ABP [26, 27] . ABP1 predominantly localizes within endoplasmic reticulum (ER) [28] , although the little remaining ABP1 at the cell surface retains the ability to bind free auxin at physiologic concentrations [29] . Physiologic studies showed that ABP1 recognizes the auxin signal for protoplast swelling and stomatal opening [30] , and mediates auxin-induced plasma membrane hyperpolarizations and ion fluxes in protoplasts [31, 32] . More importantly, ABP1 overexpression results in enhanced auxin-mediated cell expansion, and conditional repression ABP1 and null allele ABP1 also affected Arabidopsis embryonic and postembryonic development processes by influencing cell division and cell expansion, establishing a close relationship between ABP1 and the auxin response [33] [34] [35] [36] .
ABP1 belongs to a large family of germin-like proteins (GLPs), which has at least 23 members in Arabidopsis [37, 38] . The GLP members have diverse structures and expression patterns, permitting them to act as receptors localized within the extracellular matrix and to participate in multiple physiologic and developmental processes [38] . Previous studies indeed showed that several GLP members could bind different auxin molecules. Given the varied plant responses, there might be multiple types of ABPs in plant cells to receive and conduct the auxin signals. Here, we show that Arabidopsis GLP4, which is localized in the Golgi and able to specifically bind IAA and 2,4-D, may be involved in regulating cell growth.
Materials and Methods
Compounds and enzymes DNA primers were synthesized by Sangon (Shanghai, China). All enzymes used for DNA manipulation were purchased from MBI Fermentas (Hanover, USA). IAAcarboxy- 
Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia was used as a material, and transformation was performed using Agrobacterium tumefaciens strain GV3101 using floral dipping methods [39] . After germination for 7 days, seedlings were transferred to pots and grown in a greenhouse under long-day conditions (16-h light/8-h dark, 22 + 18C and 70% relative humidity).
For hormone treatments, 3-day-old seedlings (after vernalization) were transferred to plates supplemented with dosed IAA, NAA, or 2,4-D (0.01, 0.1, 1, 10 nM and 0.1, 1 mM) and grown for another 6 days.
Isolation of the GLP4 gene An Arabidopsis cDNA clone encoding a putative ABP was identified through homologous search against a database. Primers GLP4-1 (5 0 -ATGGCGTTAGAACTAT GGC-3 0 ) and GLP4-2 (5 0 -CTACTCCTCCTTCTTCA AC-3 0 ) were used to screen an Arabidopsis cDNA library constructed from hypocotyl tissues through polymerase chain reaction (PCR)-based screening [40] . Positive clones were converted into pBluescript SK derivatives using ExAssist helper phage according to the supplier's instructions (Stratagene, La Jolla, USA). The clone with the longest insert was sequenced and used for further analysis.
Sequence alignments were performed using the Jalview program written by Michele Clamp (http:// www.ebi.ac.uk/clustalw/index.html). Protein domain analysis and stereo-structure analysis were performed at http://www.sanger.ac.uk/Software/Pfam/ and http:// swissmodel.expasy.org, respectively.
Recombinant expression of GLP4, protein purification, and auxin-binding assay The coding region of GLP4 minus 20 amino acids (aa) of the N-terminus was PCR amplified using primers GLP4-3 (5 0 -CATGCCATGGTTTCCATGCAAATCAGC CG-3 0 , NcoI site underlined) and GLP4-4 (5 0 -CCG CTCGAGAGTTGTATCATCAGTCCTAAA-3 0 , XhoI site underlined). The amplified 597-bp DNA fragment was subcloned into pET32c (Novagen, Madison, USA), and the resultant construct was confirmed by sequencing and transformed into BL21(DE3) (Novagen). Expression of recombinant GLP4 was achieved at 378C with supplementation of isopropylthio-b-galactoside (IPTG; with final concentration of 1 mM). Auxin-binding assays were performed in dialysis cassettes in a volume of 100 ml (8 mg recombinant GLP4 was used), using a dialysis membrane with a molecular weight cut-off of 12,000, according to the previously described method [41] .
Golgi-localized Arabidopsis GLP4
Semi-quantitative reverse transcription PCR analysis Semi-quantitative reverse transcription PCR (RT-PCR) analysis was used to study the transcription levels of GLP4 in 9-day-old seedlings. Total RNA was extracted and reverse transcribed, and equal amounts of first-strand cDNA were used as templates for PCR amplification using primers GLP4-5 (5 0 -ATGGCTACTCTCCAAATA CC-3 0 ) and GLP4-6 (5 0 -TCAAACAGCAAACTTGGA CTTG-3 0 ). The Arabidopsis ACTIN2 gene (At3g18780), amplified using primers Actin2-1 (5 0 -TCTTCTTCCGC TCTTTCTTTCC-3 0 ) and Actin2-2 (5 0 -TCTTACAATT TCCCGCTCTGC-3 0 ) was used as an internal positive control for quantifying the relative amounts of cDNA. Amplified DNA products were analyzed by agarose gel with GelDoc 2000 (Furi, Shanghai, China).
Isolation of GLP4 promoter region and b-glucuronidase gene activity analysis The GLP4 promoter region was PCR amplified using primers GLP4-7 (5 0 -GCTCTAGAACCTTGTGGAGTTT GATGG-3 0 , XbaI site underlined) and GLP4-8 (5 0 -TCCCCCGGGAGCTTTTGATGAGAATGATGAAAC-3 0 , SmaI site underlined) with Arabidopsis genomic DNA as the template. The resultant 1520-bp DNA fragment was subcloned into modified pCAMBIA1300-101, and the resultant positive construct was transformed into Arabidopsis using floral dipping methods. After screening on the medium supplemented with hygromycin (20 mg/ ml) and PCR analysis, 11 independent transgenic lines were obtained and used for detection of histochemical b-glucuronidase gene (GUS) activity as described [42] .
Quantitative determination of GUS activity was accomplished by fluorometric GUS assay. The protein (10 mg) extracted from 10-day-old seedlings (treated with 0, 0.5 or 50 mM IAA for 12 h) was incubated with 1 mM 4-methylumbelliferyl b-D-glucuronide at 378C for 90 min, and then enzymatic activities were measured by spectrofluorometer (Photon Technology International) with excitation at 365 nm and emission at 455 nm. The fluorometer was calibrated with a fresh preparation of 4-methyl umbelliferone (100 nM) as a standard.
GLP4 -green fluorescent protein fusion studies
Transgenic plants transformed with pO-GLP4 were used for confocal microscopic observation. The coding region of GLP4 was PCR amplified using primers GLP4-9 (5 0 -CATGCCATGGCTACTCTCCAAATACCTTC-3 0 , NcoI site underlined) and GLP4-10 (5 0 -GGACTAGTAA CAGCAAACTTGGACTTGA-3 0 , SpeI site underlined), and the resultant 657-bp DNA fragment was subcloned into pCAMBIA1302 resulting in overexpression construct pO-GLP4, which was transformed into wild type plants using floral dipping methods. After screening on the medium supplemented with hygromycin (20 mg/ml), transcription levels of GLP4 in resistant plants were detected through RT-PCR analysis. Seeds of positive plants were harvested and planted to obtain the homozygous lines, which were used for analysis.
In addition, the entire coding region of GLP4 and the truncated variant lacking the first 20 or last 10 aa were PCR amplified and subcloned into vector pA7 (kindly provided by Dr. K. Czempinski, University of Potsdam, Germany) for transient expression of green fluorescent protein (GFP)-fusion proteins in onion epidermal cells. The primers used included as follows: (1) for entire GLP4: GLP4-11, 5
0 -CCGCTCGAGATGGCTACTCTCC AAATACCTTC-3 0 , XhoI site underlined; GLP4-12, 5 0 -ACGCGTCGACAACAGCAAACTTGGACTTGA-3 0 , SalI site underlined; (2) truncated GLP4 lacking the first 20 aa: ABP-12 and GLP4-13, 5
0 -CCGCTCGAGCCAT GCAAATCAGCCGTTTC-3 0 , XhoI site underlined; and (3) truncated GLP4 lacking the last 10 aa: GLP4-11 and GLP4- 14 5 0 -ACGCGTCGACAGTTGTATCATCAGTCC TAAAC-3 0 , SalI site underlined. The obtained constructs, confirmed by sequencing, were used for particle bombardment analysis. Experiments were performed with a Model PDS-1000/He Biolistic Particle Delivery System (BioRad, California, USA). Onion epidermal tissue was incubated on MS medium at 258C in darkness for 24 h before observation.
For Golgi co-localization analysis, pO-GLP4 and N-a-sialyltransferase-yellow fluorescent protein ( pN-ST-YFP) (kindly provided by Dr. J. Xu, Utrecht University, Netherlands), a Golgi localization marker, were co-transformed into onion cells, along with pO-GLP4 and pOL-DsRed-SKL (kindly provided by Dr. H. Barbier-Brygoo, National Center for Scientific Research, France), a peroxisome marker.
Images of green, red, or yellow fluorescence were collected using an Olympus IX70 confocal laser microscope under excitation at 488, 543, and 514 nm, respectively, using barrier filter BP475-525, LP560, or BP560-615. The cells were illuminated only during image acquisition (3.7 s/frame for GFP, DsRed2, and YFP), and images were collected (in a 0.5-mm section and a 2-mm pinhole) for co-localization analyses.
Nuclear magnetic resonance analysis A total of 100 mM recombinant protein was used for a nuclear magnetic resonance (NMR) assay.
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One-dimensional spectra were recorded with nt ¼ 32, then water-LOGSY spectra with nt ¼ 512. After adding auxin, the corresponding one-dimensional and water-LOGSY spectra were recorded. All spectra were recorded at 293 K with a Varian Inova 600 MHz NMR spectrometer equipped with a 5-mm triple-resonance inverse probe. For each sample, a reference spectrum and a onedimensional water-LOGSY spectrum were recorded. Binding with auxin was determined when the spectrum was oppositely altered.
Phylogenetic tree analysis GLP were identified via a BLAST search at the National Center for Biotechnology Information (http://www.ncbi. nlm.nih.gov/). The amino acid sequences were obtained through a BLAST search by aligning multiplesequences using the ClustalX program (downloaded from http://bips.u-strasbg.fr/fr/Documentation/ClustalX/). The sequences were used to generate the phylogenetic tree with the help of the MEGA program (http:// www.megasoftware.net/).
Results
Isolation of Arabidopsis GLP4, which shares high homology with known ABPs An Arabidopsis GLP4 gene (locus At1g18970) encoding a putative ABP was identified by searching Arabidopsis databases using an ABP-coding region (AAD00295) as the bait. Specific primers were then designed and used for PCR-based screening of an Arabidopsis cDNA library constructed with hypocotyl tissues, resulting in the isolation of a full-length cDNA. GLP4 has a length of 660 bp, encodes a 219-aa polypeptide (molecular mass of 23.2 kDa, PI ¼ 6.81), and is present as a single copy in the genome (chromosome 1). Comparison of cDNA and genomic sequences revealed that there were no introns in GLP4.
GLP4 is highly homologous to known ABPs [ Fig. 1(A) ] (82% to peach ABP19, 78% to peach ABP20), and germin family members [37] at the protein level. Although GLP4 has low overall homology with Arabidopsis ABP1 (16%), structural analysis revealed the presence of a conserved auxin-binding region in GLP4 [ Fig. 1(A) ]; however, only box A, confirmed as an auxin-binding site [43] , was detected at the region of His 112 to Gly
127
. This is different from known ABPs, of which three boxes A, B, and C are present [ Fig. 1(B) ]. Further analysis on the predicted stereo-structure of GLP4 showed substantial similarity with ABP1
[ Fig. 1(C) ], including a conserved b-barrel structure for binding of auxin molecules, indicating that GLP4 may bind auxin with high specificity in a similar manner.
In addition, hydrophobic analysis revealed that the N-terminus of GLP4, Met 1 to Val 20 , is a predicted transmembrane domain [ Fig. 1(D) ], suggesting that GLP4 is a membrane-associated protein.
GLP4 binds auxin in vitro
To test whether GLP4 can bind auxin, GLP4 recombinant peptide was expressed in Escherichia coli and purified proteins were used for a binding assay. Because whole GLP4 protein is lethal to E. coli, which may be due to the N-terminus trans-membrane region (20 aa), the peptide with this region deleted was successfully expressed and purified [ Fig. 2(A) ] and used for equilibrium dialysis using [ 14 C]IAA [41] . The results showed that GLP4 could bind IAA in vitro [ Fig. 2(B) ], with a binding constant (K d ) of 119.9 mM, confirming the binding capacity of GLP4 to auxin molecules. However, K d value of GLP4 to IAA in vitro is much higher than that of ABP1 (5 -37 mM) [44] , indicating a relatively low affinity of GLP4 for auxin molecules.
In addition, an NMR assay showed that GLP4 specifically binds IAA and 2,4-D in vitro, but not NAA, and with a higher affinity for 2,4-D [ Fig. 2(C) ].
GLP4, a late auxin-response gene, was expressed in various tissues
Both semi-quantitative RT-PCR and promoter-reporter gene (GUS) fusion studies were employed to study the expression pattern of GLP4. RT-PCR analysis showed that GLP4 was relatively highly transcribed in seedlings, leaves, stems, floral tissues, and siliquas but showed limited transcription in roots [ Fig. 3(A), upper panel] . In addition, the 1619-bp promoter region of GLP4 was PCR amplified and subcloned into the pCambia1301 vector, and the resultant construct p1301-GLP4 was transformed into Arabidopsis using the floral dipping method. Analysis of the GUS activity using 11 independent transgenic lines revealed the expression of GLP4 in hypocotyls and cotyledons of young seedlings, anthers, and seed capsules and pericarps. GLP4 was preferentially transcribed in flowers (1 day after flowering), stems, and leaves (vascular cylinders) [ Fig. 3(A), lower panel] . There was almost no expression of GLP4 during embryo development or in roots, which is consistent with the RT-PCR analysis and is the clearest difference from that of ABP1.
It is notable that GLP4 was expressed in leaves in a developmental stage-dependent manner. Along with leaf Golgi-localized Arabidopsis GLP4 development, GLP4 expression was getting stronger, from only the tips of tender leaves to whole mature leaves [ Fig. 3(B) ], which is somewhat similar to ABP1 and shows a basipetally decreasing longitudinal gradient in developing leaves, suggesting an important role for GLP4 during leaf maturation. Additionally, GLP4 is strongly expressed in hydathodes and veins when leaves were fully expanded [ Fig. 3(B) ].
The presence of two putative AuxREs, [45] in the GLP4 promoter region suggests that GLP4 might be regulated by auxin. This was confirmed by both RT-PCR and quantitative fluorometric GUS assays, which showed that GLP4 was dramatically stimulated within 6 h after IAA treatment, maintained for 12 h, and then decreased gradually [ Fig. 3(C), upper panel] . In addition, quantitative fluorometric GUS assays confirmed that auxin 
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treatment (12 h) enhanced the transcript levels of GLP4 [ Fig. 3(C), lower panel] . The expression of GH3, an early auxin-response AUX/IAA gene, was stimulated 3 h earlier than that of GLP4 under IAA treatment; this suggests that GLP4 is a late auxin-response gene.
GLP4 localizes at Golgi apparatus
The full-length GLP4-coding region was fused in-frame at the C-terminus to GFP driven by the CaMV35S promoter and transformed into Arabidopsis. Fluorescence studies showed that GLP4-GFP fusion proteins moved quickly into the cytosol [ Fig. 4(A), 1] , which could be inhibited by brefeldin A (BFA) treatment, indicating that GLP4 movement is dependent on BFA-sensitive machinery.
Further detailed studies by transient expression in onion (Allium cepa) epidermal cells confirmed the localization of GLP4 at the Golgi apparatus [ Fig. 4(A), 2  and 3 ]. In comparison with the localization of a resident Golgi protein N-ST-YFP, fused to YFP, [46] ), green fluorescence by GLP4-GFP perfectly overlapped with that of N-ST-YFP; not surprisingly, fluorescence of GLP4 did not overlap with that of another marker for peroxisomes, DsRED-SKL 22 [ Fig. 4(A), 2] .
The truncated variant of GLP4 lacking the first 20 aa ( pA7-C-GLP4) did not locate to the Golgi apparatus, while the C-terminal truncated variant lacking the last 10 aa (pA7-N-GLP4) showed no difference in localization with full-length GLP4 [ Fig. 4(B) ], indicating a critical role of the N-terminus 20-aa region for the proper localization of GLP4. This observation is consistent with the idea of a 20-aa trans-membrane region at the N-terminus, which is different from ABP1, of which the C-terminus is critical for its ER location.
GLP4 is phylogenetically close to other GLPs
To explore the genetic relationships between GLP4 and other GLPs that have not been well characterized previously in Arabidopsis, a phylogenetic tree was constructed using the sequences of GLPs and ABPs [34, 47] . The results reveal that GLP4 is closer to AT3g10080 and GLP8 than other ABP or GLP family members (Fig. 5) . Discussion GLP4, which can bind auxin in vitro, has different characters from ABP1 Although many ABPs have been identified and biochemically characterized, few of them have been studied in detail, especially with regard to their physiologic roles. Structural analysis reveals the presence of an N-terminal trans-membrane region of GLP4, which is critical for Golgi localization, and one highly conserved auxin-binding motif (box A) located within the middle region. Box A motif has been confirmed as one of the two auxin-binding sites in ABP1, and its presence is consistent with the predicted stereo-structure of GLP4, which contains a conserved b-barrel structure for binding auxin molecules.
Both equilibrium dialysis and NMR analysis confirmed the binding of recombinant GLP4 to IAA The assay was performed in a volume of 100 ml, and 8 mg recombinant GLP4 was used. (C) NMR assay showed that GLP4 could specifically bind IAA and 2,4-D (with a relatively higher affinity), but not NAA.
Golgi-localized Arabidopsis GLP4 in vitro; however, the binding character of GLP4 to both 2,4-D and IAA, but not to NAA, is different from ABP1 (which binds to IAA and NAA), suggesting a differential role of GLP4 in mediating the effects of auxin. Biochemical analysis revealed that the binding constants (K d ) of GLP4 to IAA in vitro are much higher than that of ABP1 (to NAA, 0.15-0.28 mM [48] , or to IAA, 5-37 mM [44] ), which indicates a lower affinity of GLP4 to auxin molecules; however, the difference is slight when compared with that of TIR1 (40-80 mM to IAA).
The optimal pH for GLP4 binding is about 7, which is similar to the pH range of the Golgi apparatus where GLP4 is localized. This is different from ABP1, which is localized to the ER but does not bind auxin molecules at the ER due to the non-coincident pH range, suggesting a possible differential mechanism for GLP4 in mediating the actions of auxin. In addition, ABP1 functions as a dimer [49] , which is common in GLP members. Preliminary studies revealed that GLP4 might form a dimer as well; however, whether the dimer formation of GLP4 is auxin dependent requires further investigation.
More importantly, as NAA is involved mainly in the regulation of cell elongation, and 2,4-D mainly stimulates cell division (IAA does both) [50] , the binding specificity of GLP4 to 2,4-D and IAA suggests that GLP4 may mediate the stimulating effect of auxin on cell division. This is different from that of ABP1, which binds IAA and NAA and mainly mediates the auxin effect on cell elongation. It should be noticed that, although GLP4 can bind 2,4-D and IAA, the affinity is very low, which makes it difficult to be certain that GLP4 is involved in auxin signaling, especially without additional physiologic evidence.
GLP4 has a different expression pattern from ABP1 during embryo development GLP4 is expressed in a pattern similar to that of ABP1 in most tissues of mature plants. In addition, GLP4 is weakly transcribed in roots. The clearest difference between GLP4 and ABP1 expression is observed during Fig. 3 GLP4 is expressed in various tissues and stimulated by auxin (A) Semi-quantitative RT-CPR analysis revealed the expression of GLP4 in various tissues (upper panel). Additional promoter-reporter gene fusion studies, through analysis of the GUS activities of transgenic seedlings, indicated that GLP4 was highly expressed in young seedlings after germination for 1, 3, 4, 10, or 15 days (1-5), shoot apex (6, 7), and floral tissues (8) . GLP4 was only slightly expressed in the base of siliques (9) and no expression was detected during embryo development (10 -12) . Bar ¼ 0.1 mm (6, 7, 10 -12), 1 mm (1-4, 8, 9 ) or 2 mm (5). (B) GLP4 was expressed during leaf maturation and was highly expressed at the hydathodes of rosetta leaves. Bar ¼ 1 mm. (C) Semi-quantitative RT-CPR analysis indicated that GLP4 expression was stimulated by exogenous auxin (upper panel, 10 mM IAA treatment for 0.5, 1, 3, 6 12 h). Further analysis of GUS activities employing transgenic Arabidopsis seedlings containing a GLP4 promoter-GUS fusion construct confirmed the increased expression of GLP4 after auxin treatment for 12 h (lower panel).
Golgi-localized Arabidopsis GLP4 embryo development. ABP1 is highly expressed in different stages of the embryo, and deficiency of ABP1 arrested embryo development at the early globular stage (resulting in lethal seeds, [34] ). In contrast, nearly no expression of GLP4 was detected during embryo development, indicating a potentially differential role. It was interesting that GLP4 was expressed in leaves in a developmental stage-dependent manner, somewhat similar to ABP1. The auxin-stimulated expression of GLP4 further suggests a pertinent role for this protein.
GLP4 may be involved in cell growth via regulation of the Golgi apparatus The optimal pH for GLP4 binding was about 7, which is similar to the pH range of the Golgi apparatus where GLP4 localized. This suggests a relationship between GLP4 and the function of the Golgi apparatus in the effects of auxin, especially regarding the variance in cell cycle. The Golgi is crucial for recruiting cytokinetic vesicles and directing them to plug relevant cytokinetic spaces during plant cytokinesis [51, 52] ; furthermore, Golgi complex fragmentation is necessary for cell mitosis [53, 54] . The Golgi localization of GLP4 suggested that it may mediate auxin-induced cell growth by regulating Golgi activities.
In conclusion, in addition to ABP1 and TIR1, which serve as part of the SCF TIR1 complex involved in the ubiquitination pathway, multiple additional auxin receptors mediating or controlling different auxin responses may exist. Golgi localization and the ability to bind auxin indicate that GLP4 might involve in mediating the auxin-induced effects. These observations provide new insight into the functional mechanisms of ABPs as well as the auxin signal transduction pathways in plants. The GrowTrow was generated using the MEGA program.
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